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P. Chowdhuri
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Abstract

Several hundred megajoules of energv lasting for
several seconds are required for magnetic fusion exper-
iments. Such high energy can be stored as inertial en-
ergy in an alternator which is brought up to speed
clowly. The alternator is then discharged through a
thyristor converter to magnets which produce and sus~
tain ths plasma. A major portion of the inertial
stored energy, for reversed field pinch experiments 1n
Los Alawos, will be dissipated in charging the iagnet-—
izing coll to produce the plasma. The plasma ia then
suscained, during the flat-top period, by energizing
the magnetizing coil in the reverse direction. To hold
the plasua current constant at the required level, the
output wvoltage of the converter mist be held at a pre~
scribed level by controlling the firing angle of the
thyristors. The paper discusses the possibility of
using the same converter for both the magnetizing and
the flat-top periods. It also analyzes the electrical
requirements that will be imposed on the alternator and
the converter.

Introductilon

The poloidal:: and toroidal-field circuits of the
proposed Los Alamod reversed-field pinch experiments in
magnetic fusion will require four types of power ocup~
plies: three for the poloidal fields and one for the
toroidal field. Of the many design variations being
considered now, the paper diacusses the magnetizing and
the flat-top power gsupplies of one Gesign concept. A
simplified schematic of the puloldal-field circuit is
ahown in Fig. 1.

To ecliminate disturbances to olectrical loads in
the Los Alamos area, the pulse-power system for the
propogsed reversed-field-pinch experiment will be fed by
a motor-generato. set. The ac powetr of the genorator
will be converted to dc by converters which will con-
s8ist of thyristor-controlled bridges. The magnetizing
and the flat~-top puwer supplies will have modular de-—
gign, aach module conoisting of four bridges oonnected
in pacallel. These modules, In turn, will be connectd
in series or in parallel to provide the required powor.

The experimntal procedure is as follows:

1. The alternator is brought up to speed, for in-
stance, by an inductlon notor which is comected to
the 13.8-k\' electric utility distribution oystem.

2. Once the alternacor has beon brought up %o  epeed,
and excited with the predetermined f'ield curront,
it io connected to the magnetizing winding through
the convertoec to initlate the magnotlzing period.

3. Once the current han reached the required value,
the alteornator o disconnected trom the magretizing
power  supply, and the vacuum circuil breakers are
oponed to produce high voltage in the magnetizing
windlig) Lo eutablish the plamna.

4. The alt-rpator {8 then cornwcted %o the flat-top
power sugyly which passes currant through *he mag -
netizing winding in the opposite direction to
initiste the Clat-top perio.., To hold the plasea
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Fig. 1 Simplified schematic of poloidal field circuit.
At the end of magnetizing period (¢t = 0), S1
closes, S2 openg, S3 clomses and CBR opens. At
the beginning of flat-top period (t = 20 to 40
ms), S4 closes. PSM, PSI* are magnetizing and
flat-top power supplies. MIA, MBA, MTB and MBB
are four sectiong of the magnetlizing winding,

current constant (flat top), the output voltage of
the converter must supply the plasma voltage drop.

The electtical requirement during the magnetizing
period is that the current through the resiastive-in-
ducclve load must reach 68 kA In ag short an interval
a8 pooaible consistent with the power oupply rating to
minimize energy loss and lLeating. Therefore, the d¢
output voltaje of the magnetizing power supply should
be a3 high as possible. The thyristor valves are,
therefore, fLully ewitched on duting the magnetizing
period.  On  the other hand, tne current during the
flat-top oporation muat supply the plasma voltage drop,
to hold the plasma current constant, Therefore, the
output: voltagae of the flat-top powor nsupply must be re-
qulated by tho control of the thyristor firing angle
while the alternator voltage docreascn with {tn  speed
an its kinetic energy is tranatormed into electrical
energy to its loads.

Combiri Magnatizing and I'lat-Top Pewer Supplics

Tho flat-top powwr  supply lo connected to  the
poloidal-field circuit approximately 20-40 w8 after the
magnetizing power supply is  disconnocted.  Thoreforce,
it may be  advantagoous to use the same power oupply
dur ing both the magnotizing . the flut-top petiedo.
A ncheme  to  pertorm both the functions with the nauwe
powor supply i shown in 1'lg. 2.
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Fig. 2 Combined power supply for tizing and flat-
top perlods: External switching.

Bach of the four sections of the flat-top power
supply is composed of three modules, each wodul: ocom-
prising four three-phase, full-wave thyriator bridges
connected in parallel. During charging of the magnet-
izing winding, the three modules are connected in
parallel; they are connected in series during flat-top
operation. The external connection for the changeover
is performed by two disconnect switches: a single-pole,
single-throv ewitch and a double-pole, double-throw
switch for each of the four sections. The intermodular
connection for series/parallel operation is performed
by two double-pole, double-throw disconnect sawitches.
The thyristors will be blocked during the operation of
these disconnect switches so that no power will be
interrupted by these switches.

Analysis of the Magmetizing Period
Modeling of Generator

Initially the energy is stored entiraly in the ro-
tational incrtia of the generator, its no-load losges
being supplied through its prime mover by the power
drawn from the electric utility system. Once the load
is connected to the generator, both ite speed (and fre-
quency) and terminal voltage will decrease. The
decreases because part of the inertial stored encrgy is
convarted into electrical enargy during the experiment
the available wvoltage to the load docreases partly
because of the dacrease in gonerator specd and partly
because of tha woltage drop internal to the goneraior.

If the wmagnetizing period in divided into omall
time steps, ta, then

dg = -(pn + v.i).ts,
q(t2) = q(tl) +dq, ad (1)
£(t2) - £, /q(t2) /qo,
viiore pn = no-load losnas of the generator, v,i = de
load wltage and cutrent duting tuo, q(tl), q(t2) = aen-

orator inortial energy at t; and t,, £(t2) = gonevator
frequency at t2, and f,, q, = inlt—.inl £requoncy and

&tored enargy of generator. The dc load current at t2
can be calculated from

al = (v-r.i).tsA; 1(t2) = i(tl) + di, (2)

where r,1 = load reaistance and inductance and 1(0) =
0. The calculation o the dc load voltage v requires
the knowledge of the elactrical characteristics of the
generator and of the converter. %This will be discuased
later.

The electrical characteristics of the genarator
were darived in ccoordance with Park's theory [1]. The
generator internal voltage can be computed once ite
field current and speed are known. The generator ter-—
minal woltage 1s computed by substracting the various
impedance drapa, internal to the generator. Figure 3
shaws the phasor diagram of the generator woltages.
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Pig. 3 Phasor diagram of generator voltages.

The voltage vc in Fig. 3 is the voltage behind the
"commitating” reactance. The commutating reactance 1is
defined as that reactance per phase during the interval
current is transferring fram one rectifler ieg to
another. During thig short interval, the subtransient
reactanocas of the generator are significant. There-
fore, the voltage drop acroas these reactances vdq2 is
vectorially added to the generator terminal voltage vt
to deterwine vc, e.q.,

wig2 = 1dend2 + §s iq- xq2

= {ae/ (xd2- 8in6 1) 2+ (xq2- cos0 1) 2 &)
= ]a-xcg,
where xd2, xg2 are the gubtransient direct- and

quadraturc-axis teactances of the gencrator, and xcg is
the commutating reactarve of the generator.

It 1s known that on sudden short circuit or cudden
application of load to a gonecrator, the internal react-
ances of the genorator change from low values at the
beginning of the Lﬁ:rlml to higher steady-state values
at the end of the period. To accormodate auch change
in the generator reactances, equivalent direct- and
quadrature-axin reactancen sore asaumed,which are glven

1/xae = (1/w)s ((1/20}+( (1/2d1)~(1/2d) ) t]
+ (1/1d2)-(1/181) } . t2), {4a)

1/xqe = (1/w)e (1@ +{ (1/2ql) = (1/2q) )+ £}
+{Q/ag20 =(1/241) ]+ 4],



tl = exp{-t/tdl); t2 = exp(~t/td2),
t3 = axp(-t/tql)y t4 = exp(-t/tq2), (4b)

where 2d,4q = direct- and quadrature—-axis synchronous
inductances,

2d1,0q1 = Qdirect- and quadiature-axis transient
inductances,

242,42 = direct- and quadrature—axis subtransjient
inductances,

tdl,tql = direct- and quadrature-axis transient time
constants, ad

td2,tq2 = direct- and quadrature—axis subtransient time
constants.

Modeling of Load and Converter

The load is the magnetizing winding which consists
of a resistance and an inductance, connected in series.
Electrically, a oontinuously decreasing dc voltage
{converter output) charges an RL—circuit exponentially
to a specifiad current level.

A 12-pulse converter congists cf a bank of three-
winding wye/wye/delta transformer and two three-phase
fullwave thyristor bridges, each connected to one of
the two secondaries of the transformer. The analysis
will be the same if the three—winding transformer is
replaced by two wye/wye and wye/delta transformers.

The thyristors in the converter conduct fully,
i.e., the firing angle 1ls zero during the magnetizing
period, The modeling of converter closely follows the
theory of conversion (2], with some modifications. As
a 12pulse converter was assumed, the ac line current
i, 1s given by (2], [3)

la = (W6/x)e de[ 50, (5)

necoso i

where | = dc load current,
6 = arccos (1-1/1is)
is = 0,1949, vc/(f-1C),
4c = commutating inductance of the ac system,
01 = arctan {(26-uin25)/(1-cos28))}, and
n = converter efficiency.

A second modification, because of the 12-pulse
convercion, is that the commutating reactance of the
gonerator seen from the converter is half of the
gonerator actual commutating reactance [4], l.e.

xc = (xcg/2) + xt, (6)

whore xc 1o the total commtating reactance of the sys-
tan, and xt ig the transformer commtating reactance.

The voltage behind the commtating reactance \c
and the dc load voltage v are detormined lteratively at
each time step ta, starting from their initial valuen
at no load for t = 0, an followa:

VOO = vg/ree/3; vo = W2:9g9/nemm, (7

where vg is the generator line~to-line rms voltage at
no load, and nmm ia the voltage transformation ratio of
converter tranaformer for the magnetizing period.

The various voltage phasore and thelr correspond-
ing angles of Fig. 3 can be constructed, by trigonomet—
ric manipulations, at each time step, starting with the
initial values of vc and v {eq. 7) an” 1(t=0) = 0, 6ic
(t=0) = 0, remembering that the generator internal vol-
tage vl 1is reduced at each time step in proportion to
its frequency, l.e.,

vl o (£/f0)« (vg/rmey/ 3) (8)

Analysis of the Flat-Top Period

Onve the magnetizing coils are charged to the re—
quired current, the generator with the converter is
disconnected from the lcad, and the vacuum circuit
breakera (B (Fig. 1) are opened to jinitiate the plasma.
Once the plamma is formed, energy must be supplied to
the magnetizing coil to compensate for the losses in
the plagua resistance, to keep the plasma current con—
stant. The converter output voltage must equal the
plasma wvoltage drop to keep the plasma current
constant. The firing angle of the thyristors in the
converter must be varied to accomplish this.

The generator model is the same as for the magnet-
lzing period. However, che models for the load and tle
converter are different from tirose for the magnetizing
period.

Modeling of Load and Converter

The simplified wnchematic of the load is shown in
Fig. 4. The following are specified: 1. the load vol-
tage v, and 2. the plasmaa current ip, e.qg.,

v » iperpenmc, anc 9)

ip = ipo

where lpc = initial plasma current, and nnc = number of
turns of the magnetizing coll. The converter output
current { 18 found by analyzing Fig. 4,

i = (ipo/nwc) « [exp (~ap+t)-expi-a)++) ) +(v/nncer]) -

[1-exg:(-a) * t) J+(v/mmc?. rp) [1-exp(-ay* i) ), (10)

vhere, a) = rl/4l, and a, = rp/tp.
Soveral “fictitoun™ terms are then definad in

ordoer to determine the required firing angle of the
thyristors in the converters [2).

vo = 2,3391.vcC
ld = vo/(l2+felcf); ¢ = {/i8 (11)
b = v/voy bl = b + 0.5¢c;) b2 a b ~ 0.5C



Pig. 4 Simplified schematic of load during flat-top
period. RP’ "'p = plasma resistance and
inductance.

where vc = voltage behind the commitating inductance,
and fcf = commtating inductance in the flat-top

period. Fram eq.(11), the firing angle «, and the
over_ap arngle u can be determined,
a = arccoos (bl); u =~ arccos (b2) -« 12)

The computation of the woltage behind the
comutatirg reactance vc, and the converter output
(active and reactive powers) is similar to that for the
magnetizing period.
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Fig. © Profiles of varisbles during flat-top period.
(a) 1. converver output current, 2. converter
power, 3, converter reactive power.
(b) 1. converter firing angle, 2.
anylo.
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Figure 5 shows th2 profiles of some of the
variables during the flat-top period.

Discussion

Generally, the oommitating reactance of a
gynchronous machine 1s assuwed to be either the
arithmetic or the geometric mean of xd2 and xq2. This
is not oorrect. ‘The effects oi armature reaction on
the generator field flux are twofolds: 1. the direct-
axis component of armature current demagnetizes the
field flux, and 2. the quadrature-axis component
cross-magnetizes the fieid flux. The resultant effect
of armature reaction is a voltage drop internal to the
machine. As the demagnetizing and the oroes-
magnetizing effects of armature current are at
quadrature to each other, the two componeats of
internal voltage drop must also te at gquadrature to
each other. Therefore, xcg of Eq. (3) should be the
correct form of the synchronous-machine comnutating
reactance.

Once the load characteristice are known, the
pulsed power system can be optimized with the help of
the proposed analysis. For instance, the reactive
power reJuirement can be minimized by proper choice of
series/parallel cambination of the converter modules
and the voltage ratio of the converter transformers.
Whether the plasma current is held constant during the
flat~top period for a apecific choice of the power
supplies can also be easily ascertained.

Conclusions

1. A new oconcept for the synchronous-machine
commutat ing reactance is presented.

2. A simple and fast hut accurate method of analysis
is developed to design a puised power gystem containing
2 rotating machine.

3, The use of the same power supply for both the
magnetizing and the €lat-top periods is economically
attractive, and technically feasible, particularly
because the changeover ewitches do not have to
interrupt power.

Acknowl nent

The author gratefully acknowledges the valuable
advice and encouragement from Dr. R. F. Gribble during
this study.

References

{1] C. Concordia,

Synchronous Machines Theoty and
Per formance,

John Wiley & Sons, New York. 1951.

[2) ©®. W. Kimbark, Direct Current
Wiley-Interscience, New York. 1971.

Tranemission.

{3] W. E. Newell, “"Analysis of the TFIR Toroial Field
Power Supply and 1its Interactions with Other
foads.” Proc. Sixth Symposium on Englneering
Problems of Fusinn, IEFE Pub. No. 75CH1097-5-
NPS, November 18-21, 1975.

[4] P. C. 8. Krishnayya, "Stresses on Generators and
Transformers of Block and Double-Block Connaectiono
Proposced for HVDC Power Station Infeed," Proc.
International Conferonce on iiigh Voltage DC and/ot
AC Power Tranmmission, IEE (England), London,
19-23 November 1973, pp. 279 - 206.



